Simocyclinone D8 (Fig. 1) is produced by Streptomyces antibioticus Tü6040. It is active against gram-positive bacteria and also shows distinct cytostatic activities against human tumor cell lines (39, 40, 46) . Simocyclinone D8 consists of four different moieties, an angucyclic polyketide core, a deoxyhexose (D-olivose), a tetraene side chain, and a halogenated aminocoumarin. The aromatic polyketide moiety is characterized by a large number of unusually placed hydroxyl groups and an oxiran bridge at positions C-12a and C-6a. It contains a Cglycosidically linked D-olivose at position C-9. Attached to the 4-OH group of D-olivose is an acetyl group, and attached to the 3-OH group is a tetraene side chain. Both are linked to the deoxysugar by ester bonds. The final amino-coumarin moiety is linked to the tetraene chain by an amide bond, resulting in an unusual polyene-amide structure. Features that distinguish simocyclinone from other angucycline antibiotics are the enormous size of the molecule and the fact that it originates from at least three different pools of primary metabolites. S. antibioticus Tü6040 also produces other simocyclinones, which can be seen as intermediates of simocyclinone D8. These compounds include simocyclinones of the A-series, the B-series, and the C-series, consisting either of the polyketide moiety (series A), the polyketide moiety plus D-olivose (series B), and the polyketide moiety plus D-olivose plus the tetraene side chain (series C) (40) . Genetic engineering and combinatorial biosynthesis in bacteria provide an important new tool for drug discovery and drug design (16, 19, 24) . Knowledge of the sequence and function of genes involved in the biosynthesis of natural products is prerequisite for this new approach. In the present study we describe the isolation of the simocyclinone biosynthetic gene cluster. Sequencing of the entire gene cluster revealed the presence of 49 open reading frames (ORFs) probably involved in simocyclinone biosynthesis. Insertional inactivation of genes by homologous recombination effected simocyclinone production, confirming that the cloned genes belong to the simocyclinone biosynthetic gene cluster.
MATERIALS AND METHODS
Strains, growth conditions, media, and vectors. For standard purposes, S. antibioticus Tü6040 and mutant strains Sim-C2 and Sim-PKSII were grown on 2% mannitol and 2% soybean meal, pH 7.5, prepared as solid or liquid medium at 28°C. For maintenance of mutants, erythromycin was added to a final concentration of 50 g/ml. For simocyclinone production, liquid medium (20 ml in a single-baffled 100-ml Erlenmeyer flask) was used (39, 40, 46) . DNA manipulation was carried out in Escherichia coli XL-1 Blue MRFЈ (Stratagene). Before transforming S. antibioticus Tü6040, plasmids were propagated in E. coli ET12567 (dam deficient, dcm deficient, hsdS, Cm r ) (12) to obtain unmethylated DNA. E. coli strains were grown on Luria-Bertani agar or liquid medium containing the appropriate antibiotic for selection. The vectors pBluescript SK(Ϫ) (pBSKϪ) and pBCSKϪ were from Stratagene, and pSP1, carrying the erythromycin resistance gene, was used for gene disruption (34) . Cosmid pKC505 (36) was obtained from Christiane Bormann (Tübingen, Germany).
General genetic manipulation and PCR. Standard molecular biology procedures were performed as described previously (37) . Isolation of plasmid DNA from E. coli and DNA restriction-ligation were performed following the protocols of the manufacturers of the kits, enzymes, and reagents (Amersham Pharmacia [Freiburg, Germany], Macherey & Nagel [Dueren, Germany], New England Biolabs [Frankfurt, Germany] , and Promega [Mannheim, Germany]). A cosmid library was prepared using cosmid pKC505. For preparation of DNA, mycelia were embedded in agarose. Isolation, partial digestion, and separation were performed as described elsewhere (35) . PCRs were performed on a PerkinElmer GeneAmp 2400 thermal cycler. PCR conditions were similar to those described previously (9) . Primers were purchased from Amersham Pharmacia. For the amplification of nucleoside diphosphate (NDP)-4-keto-6-deoxyhexose 2,3-dehydratase genes, primers PCR-D1a (5Ј CAGGCSACSWSSAACTACAC 3Ј) and PCR-D1b (5Ј SWRGAASCGSCCSCCCTCCT 3Ј) were used. For the amplification of coumarate ligase genes, the primers were PCR-D2a (5Ј TACA CSWSSGGSACSACSGG 3Ј) and PCR-D2b (5Ј GTCSCCSGTGTGSTSCCASC CGTC 3Ј). (R, AG; W, AT; S, CG.) Primers SFA (5Ј GTTCCTCACCTGATC CAGGAGATCC 3Ј) and SFB (5Ј CCGAACTCGCCAGGA CGTACG 3Ј) were used to amplify probe F. Primers Int1 (5Ј AAGCATTGGTAACTGTCAGTCC AAG 3Ј) and Int2 (5Ј AGGAAAGAACATGTGAGCAAAAGGC 3Ј) were used to verify the integration of pSP1-C2 and pSP1-PKSII. Screening of the cosmid library was performed on robotically produced high-density colony arrays (Hybond N ϩ ; Amersham Pharmacia). Prehybridization and hybridization were performed following standard procedures (Church buffer, 65°C). DNA probes were labeled with digoxigenin. The detection was performed by inoculation with antidigoxigenin antibodies conjugated with alkaline phosphatase and by incubation with attophos, following the protocols given by the manufacturer (Boehringer, Mannheim, Germany).
DNA sequencing and computer-assisted sequence analysis. Nucleotide sequences were determined on an ABI sequencer at the 4-Base Lab GmbH (Reutlingen, Germany) and at Invitek GmbH (Berlin, Germany) by using either standard primers (M13 universal and reverse, T3, and T7) or customized, internal primers. Computer-assisted analysis was done with the DNASIS software (version 2.1.; Hitachi Software Engineering) and the frameplot software available at the website http://www.nih.go.jp/jun/cgi-bin/frameplot.pl (18) . Database comparison was performed with the BLAST search tools on the server of the National Center for Biotechnology Information, Bethesda, Md. (1) .
Generation of chromosomal mutants of S. antibioticus Tü6040. For generation of chromosomal mutants of S. antibioticus Tü6040 by homologous recombination, two gene disruption plasmids, pSP1-C2 and pSP1-PKSII, were constructed. pSP1-C2 was generated by ligating a 0.8-kb PCR fragment (Fig. 2, fragment A) containing internal DNA of simB3 into the singular XbaI site of pSP1. To generate pSP1-PKSII, a 2.1-kb BamHI fragment from cosmid 5J10 (Fig. 2,  fragment B) containing simA1, simA4, and parts of simA2 and simA7 was first cloned into the BamHI site of pBSKϪ and then transferred to pSP1 using the EcoRI/XbaI sites. DNA of pSP1-C2 and pSP1-PKSII was isolated from the methylase-negative E. coli strain ET12567 and used to transform protoplasts of S. antibioticus Tü6040. S. antibioticus Tü6040 protoplast preparation, transformation, and protoplast regeneration were performed as described previously (25) using polyethylene glycol 2000 (Merck, Darmstadt, Germany) instead of polyethylene glycol 1000 (Merck). After 16 h of incubation at 30°C, cells with integrated plasmids were selected by covering the transformation plates with 2.5 ml of soft agar containing 500 g of erythromycin. DNA denaturation by alkaline treatment (32) led to a significant increase in transformation efficiency. The integration of pSP1-C2 and pSP1-PKSII into the chromosome was shown by PCR analysis. Analysis of simocyclinone D8 and its intermediates. Conditions for production, extraction of simocyclinone, and analysis by high-pressure liquid chromatography with UV and visible spectrum (HPLC-UV/Vis) were as described elsewhere (39, 40) .
Nucleotide sequence accession number. The sequence of the simocyclinone biosynthesis gene cluster reported here has been deposited in the GenBank database under the accession number AF32483.
RESULTS AND DISCUSSION
Cloning of the simocyclinone cluster. Due to the chemical structure of simocyclinone, it was likely that a polyketide synthase (PKS) type II, an NDP-glucose-4,6-dehydratase, and a glycosyltransferase are involved in the biosynthesis of simocyclinone. Therefore, approximately 3,000 colonies containing recombinant cosmids were probed by colony hybridization using as probes (i) a 3.9-kb BglII DNA fragment of the landomycin cluster containing the PKSII genes lanC, lanD, and parts of lanB and lanP (54) (putatively involved in landomycinone formation) (probe A); (ii) an internal fragment of a NDPglucose-4,6-dehydratase gene obtained by PCR amplification using chromosomal DNA of S. antibioticus Tü6040 (8) (probe B); and (iii) urdGT2 (a glycosyltransferase gene of the urdamycin cluster) (11) (probe C). Fifteen cosmids were hybridized to probe A (inter alia cosmid 5J10), 6 hybridized to probe B, and 8 hybridized to probe C. Two cosmids (cosmid 3N5 and 3M22) hybridized to probes B and C, but random sequencing of fragments subcloned from these cosmids did not reveal any significant homology to secondary metabolite genes (data not shown). Restriction analysis of cosmids hybridizing to probe A revealed that most of them contained overlapping DNA.
It was considered likely that an NDP-4-keto-6-deoxyhexose 2,3-dehydratase and a coumarate ligase are involved in the biosynthesis of simocyclinone D8. The comparison of the sequence of known NDP-4-keto-6-deoxyhexose 2,3-dehydratases from Streptomyces fradiae Tü2717 (UrdS) (accession number AAF67505), Streptomyces cyanogenus S136 (LanS) (accession number AAD13549), Streptomyces violaceoruber Tü22 (Gra-ORF27) (accession number CAA09648), and Streptomyces peucetius (DnmT) (accession number AAD94713) revealed two regions of high similarity (QATRSNYT and EEGG RFL/Y). Based on the sequences of these regions, primers were prepared that took into account the codon usage of actinomycetes (57) (primers PCR-D1a and PCR-D1b). For the amplification of a putative coumarate ligase gene, we compared the sequence of a novobiocic acid synthetase from Streptomyces spheroides NCIMB11891 (NovL) (accession number AAF67505) and other adenylate forming enzymes (e.g., a coumarate-coenzyme A [CoA] ligase from Lolium perenne (accession number AAF37734), a coumarate-CoA ligase from Solanum tuberosum (accession number AAA33842), an acyl-CoA ligase from Mycobacterium tuberculosis (accession number CAB08962), an acyl-CoA ligase from Streptomyces coelicolor A3(2) (accession number CAB55668), the adenylation domain RapA from Streptomyces hygroscopicus (accession number AAC38061), and the adenylation domain RifA from Amycolatopsis mediterranei S699 (accession number AAC01710). Two consensus sequences (YTSGTTG and DGWVLHTGD) were detected which were then used for the design of oligonucleotide primers (primers PCR-D2a and PCR-D2b). With cosmid 5J10 as a template, PCR fragments were obtained using PCRD1a and PCR-D1b and PCR-D2a and PCR-D2b. Sequencing analysis of these fragments indicated that an NDP-4-keto-6-deoxy-D-glucose 2,3-dehydratase gene and a gene similar to coumarate ligase genes are located on cosmid 5J10. The fragment obtained with primers PCR-D1a and PCRD1b was used as the probe (probe D) in hybridization experiments to screen for further cosmids putatively involved in simocyclinone biosynthesis. Restriction analysis revealed that cosmid 5J10 (see above), cosmid 1N1 (hybridizing to probe D), and cosmid 2L16 (hybridizing to probe A) contained overlapping DNA encompassing approximately 75 kb of S. antibioticus Tü6040 DNA. A 2-kb PstI fragment (2L16P15) subcloned from cosmid 2L16 was used as a probe (probe E) to screen for further overlapping cosmids, resulting in the isolation of cosmids 2P6 and 4G22. Finally, based on sequence data of DNA from cosmid 4G22, primers were designed to amplify a fragment using cosmid 4G22 as template (probe F). This fragment was used to identify cosmid 1K3, which also hybridized to probe C. Together, cosmids 1N1, 5J10, 2L16, 2P6, 4G22, and 1K3 contain a region of approximately 120 kb from the S. antibioticus Tü6040 chromosome that includes the entire simocyclinone biosynthetic gene cluster (Fig. 2) . In total, 80.7 kb of DNA located on cosmids 1N1, 5J10, 2L16, 2P6, 4G2, and 1K3 were sequenced. Sequenced genes and the actual or putative function of their gene products are listed in Table 1 . Figure 2 shows the genetic organization of the simocyclinone biosynthetic gene cluster (sim gene cluster). Although the boundaries of the sim gene cluster have not been determined experimentally, it is reasonable to propose that the cluster is flanked by simB7 and simB2.
Genes putatively involved in the formation of the angucycline moiety. The deduced amino acid sequences encoded by simA1, simA2, simA3, simA4, simA5, and simA6 strongly resemble gene products of type II iterative PKSs. The closest resemblance was found for gene products of the jadomycin (13), urdamycin (8) , and landomycin (54) biosynthetic gene clusters. simA1, simA2, and simA3 encode the minimal PKS, and simA4 and simA5 (encoding cyclases) and simA6 (encoding a ketoreductase [KR] ) are involved in modification of the nascent polyketide chain. The products of two genes (simA7 and simA8) were very similar to oxygenases also found in the urdamycin and landomycin clusters, indicating that they are involved in oxygenation of the angucycline polyketide moiety. simA13 encodes a third putative P450 hydroxylase. SimA13 does not resemble proteins known to be involved in the biosynthesis of other angucycline antibiotics, but it is similar to EryF, a 6-deoxyerythronolide ␤-hydroxylase from Saccharopolyspora erythraea (53) . We assume that SimA13 is involved in oxygenation reactions on the angucycline moiety rather than in oxygenation of other parts of the molecule. Further genes involved in modifying steps are simA9 and simA10 (putatively involved in reduction steps) and simA12, encoding a decarboxylating enzyme. A putative phosphopantetheinyl transferase is encoded by simA11. As SimA11 resembles the gene product of jadM found in the jadomycin biosynthetic gene cluster, we can speculate that both are involved in modifying the acyl carrier protein (ACP) of the minimal PKS needed for biosynthesis of the angucycline polyketide moiety in either compound. Genes simA1 through simA12, which are involved in the formation of the angucycline moiety, seem to be organized in one single transcription unit, as indicated by short intergenic regions. Upstream to simA7, a putative regulatory region is located, as this region (bp 41470 to 41800) has a low G-C content of 49.8% compared to an average of 70.1% for the whole sequenced region.
Genes putatively involved in the formation of dTDP-D-olivose. Computer-based sequence analysis revealed that simB1, simB2, simB3, simB4, and simB5 are involved in the biosynthesis of dTDP-D-olivose. In the case of simB4, simB5, and simB7, again, genes involved in the biosynthesis of urdamycin A (15) and landomycin A (54) are most similar. In contrast, gene products of simB1 (59) , simB2 (26) , and simB3 (50) showed high sequence similarities to deoxysugar biosynthetic genes from other clusters. Based on the sequencing data, the biosynthetic pathways from glucose-1-phosphate to NDP-D-olivose should comprise five steps. This would include an NDP-Dglucose synthase (SimB1), a 4,6-dehydratase (SimB2), a 2,3-dehydratase (SimB3), and a 3-ketoreductase (SimB4) to yield NDP-4-keto-2,6-dideoxy-D-glucose. The remaining step would be catalyzed by a 4-ketoreductase (SimB5) to prepare NDP-D-olivose. The deduced amino acid sequence of simB7 is very similar to that of UrdGT2 (11) and LanGT2 (54), both identified as glycosyltransferases, and SimB6 resembles acetyltransferases from different organisms (22, 29) , indicating that it catalyzes the acetylation of the D-olivose residue at position C-4. Interestingly, simB1, simB2, simB3, and simB6 are located on one end, and simB4, simB5, and simB7 are on the other end of the cluster. The average G-C content of simB1, simB2, simB3, and simB6 is 67%, whereas the average G-C content of simB4, simB5, and simB7 is 72%. This difference might be explained by different evolutionary origins of these two parts of the D-olivose pathway.
Genes putatively involved in the formation of the tetraene side chain. The synthesis of type I polyketides is a processive process in which each individual module in PKS is responsible for adding a specific extender unit to the growing polyketide chain. In the last 10 years a high number of type I PKSs have been cloned from different strains. As three ORFs of the sim biosynthetic gene cluster encode large, multifunctional type I PKSs, they seem to be involved in the formation of the tetraene moiety. simC1A encodes an enzyme with three modules (one loading module and two extension modules), while simC1B and simC1C encode PKSs, both with just one extension module (Fig. 1) . The first module (module L) of SimC1A contains a ␤-ketoacyl synthase (KS) domain, an acyltransferase (AT) domain, and an ACP domain, indicating that this module performs the loading of the PKS. Module I consists of a KS domain, an AT domain, a dehydratase (DH), a KR domain, and an ACP domain and might catalyze the first extension reaction. Module II of SimC1A contains KS, AT, and ACP domains and an additional KR domain. SimC1B consists of one large module (module III) with KS, AT, DH, enoyl reductase (ER), KR, and ACP domains. Finally, SimC1C includes a VOL. 46, 2002 BIOSYNTHETIC GENE CLUSTER OF SIMOCYCLINONE 1177 thioesterase (TE) domain at the end of the module (module IV) which includes a KS, an AT, and an ACP domain. In all KS domains of the extension molecules, the signature active site sequence (DTACSS) (2) with an invariant cysteine residue can be found, and these domains also contain two histidine residues located 135 and 175 amino acids C-terminal of the active-site cysteine. The KS domain of the putative loading module of SimC1A has a glutamine in place of the cysteine residue, and the second histidine residue is located 173 amino acids C-terminal of the glutamine. A similar type of KS is found in the loading domain of other biosynthetic gene clusters, and it has been shown that this KS domain is able to perform decarboxylation of a malonyl starter unit to prime polyketide synthesis (2, 4). All modules contain one ACP domain, which includes the 4Ј-phosphopantetheine binding site L(M)GxxS (49) . Three of the five AT domains (AT of the loading domain, AT of module II, and AT of module III) contain amino acid sequence motifs that can be found in ATs that incorporate malonyl-CoA extender units. The other two ATs (AT of module I and AT of module IV) contain motifs that are considered to control the incorporation of methylmalonyl-CoA or other extender units in other organisms (14) . All (20, 41) . The DH domains in SimC1A and SimC1B were identified by their conserved active motifs LxxHxxxG/DxxxxP (2), and the ER domain in SimC1B contains a GGVGxAAxQxA motif, which can be found in the ER of other PKSs (21) . The sequence of the TE domain of SimC1C includes the invariant GxSxG motif and the PGxH motif, both of which seem to be essential for TE activity (56) . The domains found in SimC1A, SimC1B, and SimC1C do not all correspond to the pattern expected for the proposed structure of the PKS product. KR and DH activity in modules I, II, III, and IV are predicted to be required for the biosynthesis of the tetraene side chain, but there is obviously no KR domain in module IV and no DH domain in module II and IV. The ER domain of module IV is not needed for the formation of the polyketide side chain, and the specificity of the AT domains in module I and IV for methylmalonyl-CoA substrates is also not consistent with biosynthetic expectations. However, similar observations have been made during the analysis of the biosynthetic gene clusters for other antibiotics (3, 42, 50, 58) . There are several genes in the cluster that might encode enzymes involved in tailoring reactions on the assembled polyketide chain. SimC6 is similar to several putative KRs (55), and SimC7 is most similar to SnoAW, a putative hydroxylase or DH from Streptomyces nogalater (47) . SimC6 and SimC7 might catalyze the KR and DH reactions needed to complete the biosynthesis of the tetraene moiety. Similar enzymes acting on the assembled polyketide have been described for the biosynthesis of avermectin (17) . SimC4 is similar to a putative dioxygenase from S. coelicolor A3(2) (35) and a neoxanthine-cleaving enzyme from Arabidopsis thaliana (30) , and the deduced amino acid sequence of simC5 is similar to aldehyde dehydrogenases from different sources (45) . Both SimC4 and SimC5 might be involved in the formation of the second carboxyl group of the tetraene moiety, which seems to be generated after the formation of the side chain and the attachment of the side chain to D-olivose (Fig. 1) . The deduced amino acid sequences of simC2 (2) and simC3 (28) are similar to putative TEs, providing yet further examples of TE genes located in an antibiotic biosynthetic gene cluster. The deduced amino acid sequence of simC8 is similar to that of NysF, a putative phosphopantetheinyl transferase from Streptomyces noursei (5), and it is also similar to Svp, a phosphopantetheinyl transferase from Streptomyces verticillus (38) . SimC8 might posttranslationally modify the ACP domains of SimC1A, SimC1B, and SimC1C. As Svp was characterized as a flexible phosphopantetheinyl transferase which is able to modify different types of ACPs and peptidyl carrier proteins (PCPs), we propose that SimC8 might also be involved in modifying the PCP domain of SimD6 (38) . Further experiments have to be performed to study the specificities of SimA11 and SimC8 and their exact functions during simocyclinone biosynthesis.
Genes putatively involved in the formation of the aminocoumarin moiety. There are six genes in the cluster that are believed to be involved in the biosynthesis and attachment of the amino-coumarin moiety of simocyclinone. The deduced amino acid sequences of these genes mostly resemble proteins known to be involved in the biosynthesis of coumermycin in Streptomyces rishiriensis DSM40489 (52) and novobiocin in Streptomyces spheroides NCIMB11891 (44) . SimD6 resembles CumC and NovH, which were shown to be involved in activating tyrosine (6) . However, SimD6 is a larger protein than NovH and CumC, with an extension of 400 amino acids at the N terminus. This 400-amino-acid region also shows similarity to peptide synthases from different sources. SimD1, which is similar to NovI and CumD, is most likely responsible for the conversion of tyrosine to a ␤-OH-tyrosine intermediate which is covalently tethered to SimD6. SimD2 resembles NovJ, CumE, and other putative 3-ketoacyl-(ACP) reductases and, therefore, it is probably involved in oxidation of the ␤-OHtyrosine to a ␤-keto intermediate. SimD3, which is closely related to NovK and CumF, might catalyze the formation of an oxidative cyclization reaction to yield the amino-coumarin moiety. Walsh and Chen (6) postulated that NovJ and NovK together are involved in the oxidation of the ␤-OH-tyrosine and that NovC, a putative flavine-dependent monooxygenase, would hydroxylate the ortho position of the phenyl ring of ␤-keto-tyrosine to facilitate the cyclization. Anyway, we could not detect a novC-like gene in the simocyclinone biosynthetic gene cluster. The attachment of the amino-coumarin to the tetraene moiety is catalyzed by SimD5, which is similar to CumG and NovL, which have been shown to catalyze the formation of an amide bond between dimethylallyl-4-hydroxybenzoic acid and 3-amino-4,7-dihydroxy-8-methyl coumarin (43) . Finally, the gene product of simD4 is similar to halogenases from other organisms (48) and most likely performs the formation of the chlorinated antibiotic.
Genes putatively involved in regulation and resistance. There are two putative transporter genes located in the cluster. The deduced amino acid sequence of simEx2 shows homology to putative integral membrane ion transporters (48) , and SimEx1 resembles transporters known as proton-dependent transporters of different drugs (54) . Three putative regulatory genes were found in the cluster. The deduced amino acid sequence of simReg1 is similar to that of transcriptional activators of the response regulator type (60) . simReg2 encodes a repressor protein belonging to the TetR family of bacterial repressors (35) , and SimReg3 is similar to different activator proteins (27) . simReg2 is the only gene in the cluster that is transcribed in the opposite direction. The fact that simReg2 is transcribed divergently from simEx1 provides the possibility that SimEx1 could be regulated by SimReg2 at the level of transcription (33) .
Genes of unknown function. SimX5 resembles 3-oxo-ACP synthase type III enzymes from different sources. It is most similar to a protein from Aquifex aeolicus (10) . SimX1 shows significant homology to MbTH, a protein with unknown function from M. tuberculosis (7) . Homologues of this gene are present in various biosynthetic gene clusters from actinomycetes, suggesting a conserved function of these genes in secondary metabolite formation or regulation. Directly downstream and translationally coupled to simA12, the gene simX2 was identified. The gene product of simX2 showed significant homology to Sc1c2.1, a protein of unknown function from S. coelicolor A3(2) (35) . simX4 is located directly upstream from simC8. Similar genes (sc5A7.22 and sc5A7.23) also located in close proximity were found in the S. coelicolor A3 (2) (38) . simX3, simX6, simX7, and simX8 all encode short ORFs which do not resemble any protein in the databases. Genes putatively located outside the cluster. Three putative ORFs (orf1 to orf3) were found to reside close to the margin on one side of the cluster, and three other putative ORFs (orf4 to orf6) are near the opposite margin. They probably do not belong to the simocyclinone biosynthetic gene cluster. ORF1 is similar to an ACP from Toxoplasma gondii (51) , and ORF2 and ORF3 resemble 3-oxo-ACP synthase type II enzymes from different sources (23, 31) . The deduced amino acid sequences of ORF4 and ORF5 resemble proteins of unknown function found in the genome of S. coelicolor A3(2), and ORF6 might be an alkaline serine protease very similar to a protease from S. coelicolor A3(2) (35) .
Insertional inactivation experiments. The similarities between the gene products of the cluster identified in this study and the gene products of other previously identified gene clusters made it very likely that we had indeed cloned the simocyclinone biosynthetic gene cluster. After establishing a gene transfer system, functional proof for this hypothesis was provided by insertional gene inactivation experiments. simB3, very likely involved in the biosynthesis of dTDP-D-olivose, was chosen for this experiment. Plasmid pSP1-C2 was constructed, allowing the inactivation of simB3 by integration. The plasmid was introduced into S. antibioticus Tü6040 by protoplast transformation, and recombinant strains were detected after selection for erythromycin resistance. PCR analysis confirmed the integration of pSP1-C2 into the chromosome. Mutant Sim-C2 was chosen for further experiments.
Plasmid pSP1-PKSII was constructed, allowing the interruption of the transcriptional unit within the minimal PKS genes. We expected that an insertion of this plasmid would strongly depress simocyclinone production. Plasmid pSP1-PKSII was introduced into S. antibioticus Tü6040 and erythromycin-resistant clones were obtained. Again, PCR analysis confirmed the integration of pSP1-PKSII into the chromosome. Mutant Sim-PKSII was chosen for further experiments.
Culture extracts from the wild-type strain and from mutant strains Sim-C2 and Sim-PKSII were analyzed by HPLC-UV/ Vis. Simocyclinone D8 production was clearly detected in the wild-type strain but was not detectable in mutant Sim-C2 and mutant Sim-PKSII. HPLC-UV/Vis analysis showed the accumulation of simocyclinone A1 in mutant Sim-C2, indicating that the biosynthesis of dTDP-D-olivose was completely abolished and, as expected, the biosynthesis of the angucycline moiety was retained (Fig. 3) . All of these data clearly show that we indeed cloned the simocyclinone biosynthetic gene cluster. The sim biosynthetic gene cluster represents the most versatile gene cluster so far investigated. It contains genes responsible for the formation and attachment of four different moieties originating from at least three different pools of primary metabolites. The hypothetical biosynthetic scheme for simocyclinone D8 is given in Fig. 1 . We hope that we will learn to use these genes to increase the number of unnatural natural products made by combinatorial biosynthesis in the future.
